Multiple studies in animal models and humans suggest that the endogenous opioid system is an important neurobiological substrate for nicotine addictive properties. In this study, we evaluated the participation of d-opioid receptors in different behavioral responses of nicotine by using d-opioid receptor knockout mice. Acute nicotine administration induced hypolocomotion and antinociception in wildtype mice, which were similar in knockout animals. The development of tolerance to nicotine-induced antinociception was also similar in both genotypes. In agreement, the expression and functional activity of d-opioid receptors were not modified in the different layers of the spinal cord and brain areas evaluated after chronic nicotine treatment. The somatic manifestation of the nicotine withdrawal syndrome precipitated by mecamylamine was also similar in wild-type and d-opioid receptor knockout mice. In contrast, nicotine induced a conditioned place preference in wild-type animals that was abolished in knockout mice. Moreover, a lower percentage of acquisition of intravenous nicotine self-administration was observed in mice lacking d-opioid receptors as well as in wild-type mice treated with the selective d-opioid receptor antagonist naltrindole. Accordingly, in-vivo microdialysis studies revealed that the enhancement in dopamine extracellular levels induced by nicotine in the nucleus accumbens was reduced in mutant mice. In summary, the present results show that d-opioid receptors are involved in the modulation of nicotine rewarding effects. However, this opioid receptor does not participate either in several acute effects of nicotine or in the development of tolerance and physical dependence induced by chronic nicotine administration.
INTRODUCTION
Nicotine is the main psychoactive component of tobacco, which plays a major role in tobacco dependence (Dani and Balfour, 2011) . Nicotine produces its pharmacological responses by acting on nicotinic acetylcholine receptors that are mainly located at a presynaptic level. The activation of these receptors by nicotine increases the release of several neurotransmitters, including the endogenous opioid peptides . Animal studies have provided evidence for distinct roles of the different components of the endogenous opioid system in the addictive properties of nicotine . The activation of m-opioid receptors (MOR) (Berrendero et al, 2002; Walters et al, 2005; Göktalay et al, 2006; Ismayilova and Shoaib, 2010; Liu and Jernigan, 2011) by their endogenous ligand b-endorphin (Trigo et al, 2009 ) is involved in the rewarding effects of nicotine. Endogenous enkephalins, which bind to MOR and d-opioid receptors (DOR), have also been shown to participate in nicotine reward (Berrendero et al, 2005) . In contrast, opioid peptides derived from prodynorphin, which are the main endogenous ligands for k-opioid receptors (KOR), seem to participate in nicotine aversive responses since the deletion of the prodynorphin gene improved nicotine self-administration . In agreement with these preclinical results, the non-selective opioid antagonist naltrexone has shown efficacy for smoking cessation mainly in female smokers (King et al, 2006) , and smokers reporting high rates of depressive symptoms (Walsh et al, 2008) .
DOR is highly expressed in the olfactory bulb, cortex, amygdala, caudate-putamen, and nucleus accumbens, while moderate levels of this receptor are reported in the interpeduncular and pontine nuclei, hippocampus, spinal cord, and dorsal root ganglia (Mansour et al, 1987; Goody et al, 2002; Pradhan and Clarke, 2005) . This distribution is consistent with the participation of DOR in the control of pain, emotional processing, cognitive function, motivation, and reward (Pradhan et al, 2011) . Pharmacological and genetic approaches suggest that DOR activity may participate in particular aspects of the addictive properties of some drugs of abuse (Shippenberg et al, 2008) . However, the role of DOR in the behavioral responses of nicotine related to its addictive properties has not been yet clarified. Indeed, so far few studies have examined this important topic and their results have not been yet conclusive. The selective DOR antagonist naltrindole increased the anxiogenic-like effects of nicotine (Balerio et al, 2005) , while it did not affect its anxiolytic-like responses. Recently, the same DOR antagonist did not significantly modify nicotine intravenous selfadministration in rats (Ismayilova and Shoaib, 2010; Liu and Jernigan, 2011) . However, a desensitization of DOR was found in the nucleus accumbens during early nicotine withdrawal in mice (McCarthy et al, 2011) , suggesting a possible role for this receptor in the affective component of nicotine abstinence.
The aim of this study was to evaluate the participation of DOR in the behavioral responses of nicotine related to its addictive properties by using DOR knockout mice. Acute effects of nicotine on locomotion, nociception as well as the development of tolerance to nicotine-induced antinociception were evaluated in wild-type and mutant animals. The somatic signs of mecamylamine-precipitated nicotine withdrawal were analyzed in both genotypes. We also investigated nicotine rewarding properties by using the conditioning place preference and the intravenous nicotine self-administration paradigm. A pharmacological approach using the selective DOR antagonist naltrindole was also employed in the self-administration paradigm to confirm the role played by this opioid receptor. In-vivo microdialysis studies were performed to determine the effects of nicotine on the extracellular levels of dopamine in the nucleus accumbens.
MATERIALS AND METHODS

Animals
Experiments were performed in male DOR knockout mice and their wild-type C57BL/6J littermates (8-to 12-weekold) . Additional C57BL/6J mice were used for autoradiographic studies and self-administration experiments. The generation of mice lacking DOR has been previously described (Filliol et al, 2000) . Knockout mice used in the present study were crossed 410 generations to C57Bl/6J mice. DOR knockout mice were genotyped using the following primers: 5 0 -AGAACACGCAGCACAAAGACTGG -3 0 , 5 0 -ACCGCTTCCTCGTGCTTTACGGTA-3 0 and 5 0 -GACC ACGTGGTGCGCGCGGC-3 0 . The multiplex PCR produces a 1035-bp band for the wild-type allele and a 591-bp band for the knockout allele and both for heterozygous mice. Mice were housed five per cage in a temperature-controlled room (21 ± 11C) with a 12-h light/dark cycle (lights on between 0800 and 2000 hours). Food and water were available ad libitum. Mice were habituated to their new environment and handled for 1 week before the experimental procedure was started. The same group of wild-type and knockout mice was used in the acute, conditioning place preference and nicotine withdrawal experiments following the ethical guidelines to reduce the number of animals required in the study. Animals were allowed to rest during 10 days between each experimental procedure. Three different and independent groups of animals were used for the tolerance, microdialysis, and intravenous self-administration experiments. Animal procedures were conducted in accordance with the guidelines of the European Communities Directive 86/609/EEC regulating animal research and approved by the local ethical committee (CEA-PRBB). The observer was blind to genotype and treatment in all the experiments.
Drugs
(À)-Nicotine hydrogen tartrate salt and mecamylamine hydrochloride (Sigma, Madrid, Spain) were dissolved in physiological saline (0.9%) and administered subcutaneously (s.c.) in a volume of 10 ml/kg body weight. For the experiments of nicotine withdrawal, nicotine was administered at the dose of 8.77 mg/kg/day by using subcutaneously implanted osmotic minipumps. For the self-administration studies, the pH of nicotine solution was adjusted to 7.4 with sodium hydroxide and was contingently administered by intravenous (i.v.) route. All nicotine doses were calculated as nicotine-free base. The DOR antagonist naltrindole (Sigma) was dissolved in physiological saline (0.9%) and administered intraperitoneally (i.p.) in a volume of 10 ml/kg body weight. Ketamine hydrochloride (100 mg/ kg) (Imalgène 1000; Rhône Mérieux, Lyon, France) and xylazine hydrochloride (20 mg/kg) (Sigma) were mixed and dissolved in ethanol (5%) and distilled water (95%). This anesthetic mixture was administered i.p. in an injection volume of 10 ml/kg body weight.
Acute Pharmacological Responses
The locomotor responses induced by acute nicotine (0.35, 1.05, and 2.10 mg/kg, s.c.) or saline administration were measured by using individual locomotor activity boxes (9 Â 20 Â 11 cm 3 , Imetronic, Pessac, France), as previously described (Berrendero et al, 2002) . The antinociceptive responses were determined after nicotine (0.35, 1.05, and 2.10 mg/kg, s.c.) or saline administration by using the tailimmersion and hot-plate tests respectively, as previously reported (Simonin et al, 1998) . In the tail-immersion test, the water temperature was maintained at 50 ± 0.51C using a thermo-regulated water circulating pump (Clifton, North Somerset, UK). The time taken to withdraw the tail was determined and a cutoff was set up at 5 s in order to prevent tissue damage. In the hot-plate test, the heated surface of the plate was kept at 52±0.11C (Columbus Instruments, Columbus, OH, USA). The nociceptive threshold evaluated was the jumping response. In the absence of jumps, a 240-s cutoff was used to prevent tissue damage. The data were expressed as percentage of maximum possible effect using the following equation (MPE %) ¼ (test latency -control latency)/ (cutoff time -control latency) Â 100.
Evaluation of Tolerance to Nicotine-Induced Antinociception
To assess tolerance, saline or nicotine were chronically administered (1.75 mg/kg, s.c., three times daily) during 12 days. The antinociceptive responses of nicotine were d-Opioid receptor and nicotinemeasured on days 1, 2, 4, 6, 8, 10, and 12 after starting nicotine treatment by using the tail-immersion test, 15 min after the first daily injection, as previously reported (Galeote et al, 2006) . The water temperature was maintained at 48 ± 0.51C using a thermo-regulated water circulating pump (Clifton, North Somerset UK). The time to withdraw the tail was determined and a cutoff was set up at 15 s in order to prevent tissue damage (Galeote et al, 2006) .
Autoradiographic Procedures
Spinal cord and brain slicing. Nicotine tolerant and control mice were sacrificed 1 h after the last nicotine or saline injection. Their brains and spinal cords were quickly removed and rapidly frozen by immersion in 2-methylbutane surrounded by dry ice. All samples were stored at À80 1C during a similar period of time until processed for analyses of DOR binding and activation of GTP-binding proteins. The brain coronal and lumbar spinal cord sections were cut in a cryostat (20 mm thick), thaw-mounted on gelatin/chrome-coated slides, dried briefly at 301C and stored at À801C until used. The brain structures were identified using the mouse brain atlas of Paxinos and Franklin (1997) , and spinal cord structures were referenced to cytoarchitecture of spinal cord of rats (Molander et al, 1984) .
Autoradiography of DOR binding. The autoradiographic procedure was performed as detailed previously (Kitchen et al, 1997) . See Supplementary Materials and Methods for further details.
DPDPE-stimulated [
35 S]GTPgS-binding autoradiography. The protocol used was performed as previously detailed (Sim et al, 1995) . See Supplementary Materials and Methods for further details.
Nicotine Dependence and Withdrawal
Nicotine dependence was induced by using Alzet osmotic minipumps (Model 2001; Alzet, Cupertino, CA, USA), as previously reported (Castañé et al, 2002) . These minipumps, implanted subcutaneously under brief ether anesthesia, contained saline or nicotine solutions and delivered a constant s.c. flow in a rate of 1 ml/h. Mice received a mean dose of B8.77 mg/kg/day of nicotine during 6 days. Nicotine withdrawal was precipitated 6 days after minipump implantation by injection of the nicotinic receptor antagonist mecamylamine (1 mg/kg, s.c.). Nicotine dose used in this study to develop physical dependence was chosen based on the results obtained in previous studies (Berrendero et al, 2005) . The somatic signs of withdrawal were evaluated 10 min before and immediately after mecamylamine injection during a period of 30 min, as previously reported (Castañé et al, 2002) . The number of wet dog shakes, front paw tremors, sniffing, and scratches was counted. Body tremor, ptosis, teeth chattering, genital licks, and piloerection were scored 1 for appearance or 0 for non-appearance within each 5 min time. The locomotor activity over 5-min periods was rated 0, 1, or 2 (0 for inactivity, 1 for low activity, and 2 for normal activity). A global withdrawal score was calculated for each animal by giving each individual sign a relative weight: 0.5 for each episode of wet dog shake, front paw tremor, sniffing, and scratching; and 1 for the presence of body tremor, ptosis, teeth chattering, genital lick, and piloerection during each observation period of 5 min. The relative weight of locomotor activity for each 5 min period was 0 for normal activity, 0.5 for low activity, and 1 for inactivity.
Place-Conditioning Paradigm
The conditioned place preference to nicotine was evaluated using a non-biased procedure, as previously reported (Castañé et al, 2002) . The apparatus consisted of two main square conditioning compartments separated by a triangular central division. During the preconditioning phase, each mouse was placed in the middle of the central division and had free access to both compartments of the conditioning apparatus for 18 min, with the time spent in each compartment recorded. During the conditioning phase, mice were treated during 8 days with alternate injections of nicotine (0.17 mg/kg, s.c.) or saline. Mice were confined into the corresponding compartment immediately after injection by using guillotine doors matching the walls for 20 min. The postconditioning phase was conducted as in the preconditioning phase (ie, free access to both compartments for 18 min) and the time spent in each compartment was recorded. The time in the central area was proportionally shared and added to the time value of each compartment, as previously reported (Maldonado et al, 1997) . The data were expressed as the time spent in the drug-paired compartment during preconditioning and test phases.
Intravenous Nicotine Self-Administration
Apparatus. The experiments were conducted in mouse operant chambers (Model ENV-307A-CT; Med Associates, Georgia, VT, USA) equipped with two holes, one randomly selected as the active hole and the other as the inactive hole. Pump noise and stimuli lights (cues), one located inside the active hole and the other above it were paired with the delivery of the reinforcer. Nicotine (15 and 30 mg/kg/infusion) was delivered in a volume of 23.5 ml over 2 s via a syringe that was mounted on a microinfusion pump and connected via Tygon tubing to a single channel liquid swivel and to the mouse intravenous catheter. Independent groups of wild-type and knockout animals were used for each nicotine dose.
Jugular vein catheterization.
Mice were anesthetized with a ketamine/xylazine mixture and then implanted with indwelling i.v. silastic catheters on their right jugular vein as previously described (Soria et al, 2005) . After surgery, animals were allowed to recover for 3 days before initiation of self-administration sessions.
Nicotine self-administration procedure. The experiments were conducted using the operant model recently described (Martín-García et al, 2009) with slight modifications. Genetic (DOR knockout mice) and pharmacological (naltrindole administration) approaches were used in this set of experiments. For the genetic approach, the responses of DOR knockout mice and wild-type littermates were compared during the different nicotine self-administration sessions (15-30 mg/kg/infusion). For the pharmacological d-Opioid receptor and nicotine F Berrendero et al studies, mice received an injection of naltrindole (2.5 and 5 mg/kg, i.p.) or saline 30 min before each daily session of nicotine self-administration (30 mg/kg/infusion). The doses of naltrindole in the present study are currently used to selectively block different behavioral responses mediated by the activation of DOR (Ciccocioppo et al, 2002; Brüning et al, 2010) . In all, 1 h daily self-administration sessions were conducted consecutively for 10 days. Mice were trained under a fixed ratio 1 schedule of reinforcement with a 10-s time-out. Each daily session started with a priming injection of the drug. The stimuli light together with the pump noise signaled delivery of nicotine infusion. During the 10-s time-out period, the cue light was off and no reward was provided after nose-poking on the active hole. Responses on the inactive hole and all the responses elicited during the 10-s time-out period were also recorded. The session was terminated after 50 reinforcers were delivered or after 1 h, whichever occurred first. The criteria for the acquisition of self-administration behavior were achieved when in three consecutive sessions: (1) mice maintained a stable responding with o20% deviation from the mean of the total number of reinforcers earned (80% stability); (2) at least 75% responding on the active hole; and (3) a minimum of six reinforcers per session. Subsequently, mice were changed to a progressive ratio schedule of reinforcement on day 11, in which the response requirement to earn an infusion escalated according to the following series: 1-2-3-5-12-18-27-40-60-90-135-200-300-450-675-1000. The patency of intravenous catheters was evaluated at the end of nicotine self-administration training by an infusion of 0.05-0.10 ml of thiopental sodium through the catheter. If prominent signs of anesthesia were not apparent within 3 s of the infusion, the mouse was removed from the experiment. Data from acquisition of nicotine self-administration were expressed as number of infusions and as area under the curve (AUC). AUC was calculated by using a standard trapezoid method, AUC
, where B n were the infusions received for each mouse and h was the time (days) passed between the consecutive measurements (Gibaldi and Perrier, 1975) .
Microdialysis Procedure
The evaluation of the extracellular dopamine levels in the nucleus accumbens was performed as previously reported (Berrendero et al, 2005) . See Supplementary Materials and Methods for further details.
Statistical Analysis
Acute nicotine effects, global withdrawal scores, and AUC of microdialysis data were compared by using a betweensubjects two-way ANOVA (genotype and treatment as factors of variation), followed by post hoc comparisons (Fisher LSD test) when required. For place-conditioning studies, time spent in the drug-paired compartment during pretest phase was compared in the different groups by oneway ANOVA to ensure the use of an unbiased procedure. Individual comparisons of time spent in the drug-paired compartment during preconditioning and postconditioning phases were made with a paired two-tailed Student's t-test.
The microdialysis and antinociceptive tolerance data were analyzed using three-way ANOVA with treatment (saline and nicotine) and genotype (wild-type and knockout) as between-subjects factors and time after nicotine injection (microdialysis) or day (tolerance) as within-subjects factor. To analyze the acquisition of nicotine self-administration, the number of infusions reached during the training period were compared using three-way ANOVA with repeated measures with genotype or treatment and hole as betweensubject factors and day as within-subject factor. AUC values obtained in the self-administration paradigm were compared using two-way ANOVA with hole and genotype or treatment as factor of variations, followed by post hoc comparisons (Fisher LSD test) when required. The w 2 analysis was used to compare between genotypes or treatments the percentage of mice that acquired self-administration criteria. Biochemical studies were analyzed by using two-way ANOVA with repeated measures (treatment as between-subjects factor and brain region or spinal cord layer as within-subjects factor), followed by Fisher LSD test when appropriate. The level of significance was po0.05 in all experiments.
RESULTS
Nicotine Similarly Decreased Locomotion in Wild-Type and DOR-Deficient Mice
On days 1, 2, and 3, mice were exposed to the locomotor activity boxes in order to be habituated to the test environment, and acute effects of nicotine were evaluated on day 4. During habituation, knockout mice showed significantly higher locomotion than wild-type (data not shown), as previously reported (Filliol et al, 2000) . Nicotine (0.35, 1.05, and 2.10 mg/kg, s.c.) decreased locomotion similarly in wildtype and DOR knockout mice (Figure 1a and b) . Thus, twoway ANOVA for horizontal activity revealed a significant effect of treatment (F (3,75) ¼ 77.47, po0.01), but no genotype effect (F (1,75) ¼ 2.91, n.s.), nor interaction between treatment and genotype (F (3,75) ¼ 0.71, n.s.). Nicotine (0.35, 1.05, and 2.10 mg/kg) significantly decreased horizontal activity (po0.01) in both genotypes (Figure 1a ). Two-way ANOVA for vertical activity also revealed a significant effect of treatment (F (3,75) ¼ 59.33, po0.01), but no genotype effect (F (1.75) ¼ 1.49, n.s.), nor interaction between these two factors (F (3,75) ¼ 0.65, n.s.). Nicotine (0.35, 1.05, and 2.10 mg/kg) also significantly decreased vertical activity (po0.01) in both genotypes (Figure 1b ).
Nicotine-Induced Antinociception Was Similar in Wild-Type and DOR-Deficient Mice
Nicotine-induced antinociception (0.35, 1.05, and 2.10 mg/ kg, s.c.) was similar in wild-type and knockout mice ( Figure  1c and d) . In the tail-immersion test, two-way ANOVA revealed a significant effect of treatment (F (3,80) ¼ 7.21, po0.01), but not effect of genotype (F (1,80) ¼ 0.76, n.s.), nor interaction between these two factors (F (3,80) ¼ 1.38, n.s.). Nicotine antinociceptive responses at the doses of 1.05 and 2.10 mg/kg were similar in both genotypes (po0.01) (Figure 1c ). In the hot-plate test, two-way ANOVA revealed a significant effect of treatment (F (3,80) ¼ 28.01, po0.05), but not effect of genotype (F (1,80) ¼ 0.37, n.s.), nor interaction d-Opioid receptor and nicotinebetween both factors (F (3,80) ¼ 0.58, n.s.). Nicotine antinociceptive responses at the doses of 1.05 and 2.10 mg/kg (po0.01) were similar in both genotypes (Figure 1d ).
The Development of Tolerance to Nicotine Antinociceptive Effects Was Similar in Wild-Type and DOR Knockout Mice
Chronic nicotine treatment (1.75 mg/kg, s.c., three times daily during 12 days) developed similar antinociceptive tolerance in wild-type and DOR knockout mice. Three-way ANOVA revealed a significant effect of day (F (6,210) ¼ 31.67, po0.01), treatment (F (1,35) ¼ 9.35, po0.01), but not genotype effect (F (1,35) ¼ 2.51, n.s.). Three-way interaction between factors was not significant, and the only two-way significant interaction was revealed between day and treatment (F (6,210) ¼ 11.84, po0.01) (Figure 2 ).
The Density of DOR Was not Modified in the Spinal Cord and Brain in Nicotine Tolerant Mice
The density of DOR in the different layers of the spinal cord and brain areas evaluated was not modified in nicotine tolerant mice (Table 1) . Thus, two-way ANOVA revealed a significant brain area effect (F (6,60) ¼ 81.76, po0.01), but no effect of treatment (F (1,10) ¼ 0.48, n.s.), nor interaction between both factors (F (6,60) ¼ 1.93, n.s.). In spinal cord, two-way ANOVA revealed a significant effect of the layer (F (2,18) ¼ 10.46, po0.01), but no effect of treatment (F (1,9) ¼ 3.09, n.s.), nor interaction between both factors (F (2,18) ¼ 0.44, n.s.).
DPDPE-Stimulated [ 35 S]GTPcS-Binding Autoradiography in Spinal Cord and Brain Was not Modified in Nicotine Tolerant Mice
The activation of G-proteins by DOR stimulation was similar in the different layers of the spinal cord and brain areas evaluated in wild-type mice chronically treated with During the behavioral observation performed before mecamylamine administration, no somatic signs of withdrawal were observed in any experimental group. After mecamylamine injection, nicotine withdrawal syndrome was manifested by the presence of a variety of somatic signs in mice receiving chronic nicotine perfusion, as previously reported (Castañé et al, 2002) . The severity of nicotine withdrawal was not modified by the deletion of DOR (Figure 3) (Figure 3a) . In agreement, two-way ANOVA for the global withdrawal score showed a significant effect of nicotine treatment (F (1,56) ¼ 19.23, po0.01), but no effect of genotype (F (1,56) ¼ 2.70, n.s.), nor interaction between these factors (F (1,56) ¼ 0.28, n.s.). The significant effect of nicotine treatment on the global withdrawal score (po0.01) was similar in both genotypes (Figure 3b ).
Nicotine Did not Produce Rewarding Effects in the Place Preference Paradigm in DOR Knockout Mice
One-way ANOVA revealed a similar time spent in the drug-paired compartment during the preconditioning phase in the different groups (F (3,56) ¼ 0.36, n.s.), ensuring the use of an unbiased procedure (Figure 4) . A significant rewarding effect of nicotine was observed in the placeconditioning paradigm in wild-type, but not in knockout mice. Thus, wild-type animals conditioned with the dose of nicotine that had revealed reliable rewarding effects in this paradigm in our experimental conditions (0.17 mg/kg, s.c.) (Castañé et al, 2002; Berrendero et al, 2005) spent significantly (po0.05) more time in the drug-paired compartment during the testing phase than during the preconditioning phase. In contrast, knockout mice receiving this dose of nicotine spent the same time in the drug-paired compartment during both phases (Figure 4 ).
Nicotine Intravenous Self-Administration Was Impaired in DOR Knockout Mice
The operant intravenous self-administration paradigm was used to evaluate the influence of the deletion of DOR in the reinforcing properties of nicotine. Different groups of wildtype and DOR knockout mice were trained to selfadminister nicotine at two doses (15 and 30 mg/kg per infusion) during 10 consecutive days. We have previously (Figure 5a ) or 30 mg/kg (F (9,144) ¼ 3.50, po0.01) (Figure 5c ). Subsequent post hoc analysis for each day of training revealed lower percentage of active responding for DOR knockout than wild-type mice during the acquisition of nicotine self-administration (Figure 5a and c) . Thus, mutant mice displayed an intermittent discrimination pattern at the dose of 15 mg/kg (days 3, 5, 6, 8, and 10) while only discriminated on day 3 at the dose of 30 mg/kg. Conversely, wild-type mice showed a reliable and significant discrimination between the active and the inactive hole from the third day of training at the dose of 15 (Figure 5a) , and from the second day (with the exception of day 3) at the dose of 30 (Figure 5c ). In agreement, the total number of infusions earned during the acquisition period expressed by the AUC was lower in DOR knockout than in wild-type mice at the dose of 30 mg/kg (Figure 5d ). Thus, two-way ANOVA revealed a significant effect of genotype (F (1,16) ¼ 6.481, po0.05) for this dose of nicotine. The decreased acquisition, percentage of active responding, and number of nicotine infusions in DOR knockout mice reveal an impairment in the performance of operant nicotine selfadministration behavior. The maximum effort to obtain a nicotine infusion (30 mg/kg) was evaluated under a progressive ratio schedule. The breaking-point values for DOR knockout mice were significantly lower when compared with wild-type at this nicotine dose (po0.05) (Figure 5e ). The breaking-point values were not analyzed for the dose of 15 mg/kg since no significant differences in the number of infusions (AUC values) were observed between genotypes at this dose of nicotine.
The Selective DOR Antagonist Naltrindole DoseDependently Impaired Nicotine Intravenous Selfadministration
The participation of DOR in the reinforcing properties of nicotine was further evaluated using the selective DOR antagonist, naltrindole. Three different groups of mice were trained to self-administer nicotine at the dose of 30 mg/kg per infusion and received an i.p. injection of saline (control), 2.5 mg/kg of naltrindole, or 5 mg/kg of naltrindole 30 min before each daily self-administration session. Naltrindole dose-dependently reduced the percentage of acquisition of nicotine self-administration. Thus, while 62.5% of mice receiving saline achieved the acquisition criteria, only 33.3% of mice treated with 2.5 mg/kg of naltrindole (w 2 ¼ 3.26, p ¼ 0.07) and 10% of mice receiving 5 mg/kg of naltrindole (w 2 ¼ 11.76, po0.01) acquired the behavior. Three-way ANOVA with repeated measures revealed significant interactions between hole and day (F (9,216) ¼ 5.66, po0.01) as well as between hole and treatment (F (2,24) ¼ 3.91, po0.05) (Figure 6a ). Subsequent post hoc analysis for each day of training revealed (Figure 6a) . Control mice showed a stable high preference for the active hole from the third day of training (days 3, 4, and 10, po0.05 and days 5, 6, 7, 8, 9, po0.01). Mice treated with 2.5 mg/kg of naltrindole also exhibited a significant discrimination from day 4 to 10 with exception of day 5 (4, 6, 7, 8, 9, 10, po0.05). However, the preference for the active hole during the whole training period was weaker than in control mice. Finally, mice receiving 5 mg/kg of naltrindole did not show stable preference for the active hole and the discrimination was only significant on days 4 and 10 (po0.05). The total number of infusions earned during the self-administration period expressed as the AUC was also dose-dependently reduced in mice treated with naltrindole ( Figure 6b) . Thus, two-way ANOVA revealed a significant interaction between hole and treatment (F (2,24) ¼ 3.79, po0.05). Subsequent post hoc analysis confirmed that mice treated with 5 mg/kg of naltrindole obtained a significantly lower number of nicotine infusions than control mice (Figure 6b ). Finally, 1 day after the last self-administration session, mice were tested under a progressive ratio schedule of reinforcement. One-way ANOVA did not reveal any significant difference between groups (F (2,24) ¼ 2.15, n.s.), although a considerable trend to decrease the breaking-point values was observed in mice treated with both doses of naltrindole (2.5 and 5 mg/kg, i.p.) (Figure 6c ). Taken together, the results obtained in the nicotine self-administration paradigm with the genetic and pharmacological approaches reveal the role of DOR in the reinforcing properties of nicotine.
Nicotine-Enhanced Extracellular Dopamine Levels in the Nucleus Accumbens Was Attenuated in DOR Knockout Mice
Acute nicotine administration (0.17 mg/kg, s.c.) induced an enhancement of dopamine extracellular levels in the nucleus accumbens in both genotypes, although the increase of dopamine was significantly attenuated in mutant animals. This dose of nicotine was chosen considering the reliable enhancement of the dopamine extracellular levels that we observed in previous studies using similar experimental conditions (Berrendero et al, 2005) . Three-way ANOVA revealed a significant main effect of time (F (9,306) ¼ 5.06, po0.01), treatment (F (1,34) ¼ 13.46, po0.01), and genotype (F (1,34) ¼ 6.13, po0.05) after nicotine injection without significant two-or three-way interactions (Figure 7a) . AUC values were calculated for the five first samples after nicotine or saline injection. Each AUC value was represented as the sum of percentage of dopamine concentrations after either nicotine or saline challenge respect to basal concentrations (Figure 7b ). On the AUC values, twoway ANOVA revealed significant effect of treatment (F (1,35) ¼ 28.81, po0.01), genotype (F (1,35) ¼ 7.06, po0.05) and interaction between these two factors (F (1,35) ¼ 4.12, po0.05). Post hoc analysis revealed a significant effect of nicotine in wild-type (F (1,18) ¼ 17.19, po0.01) and knockout mice (F (1,19) ¼ 10.98, po0.01), as well as significant differences between wild-type and knockout mice when receiving nicotine (F (1,13) ¼ 5.71, po0.05). These results indicate that the deletion of the DOR impaired the effects of nicotine on the extracellular levels of dopamine in the nucleus accumbens.
DISCUSSION
This study reveals the influence of the deletion of DOR in several nicotine behavioral responses related to its addictive properties. Our results show that DOR modulates the rewarding properties of this drug since nicotine did not induce conditioned place preference in mice lacking DOR and the performance of these mutant mice to obtain nicotine was impaired in an operant paradigm. Moreover, the selective DOR antagonist naltrindole dose-dependently impaired operant nicotine self-administration. In agreement, the enhancement of extracellular levels of dopamine induced by nicotine in the nucleus accumbens was attenuated in DOR knockout mice. In contrast, acute nicotine-induced hypolocomotion and antinociception, as well as the development of tolerance to nicotine antinociceptive effects and nicotine physical dependence were not modified in DOR knockout mice.
Previous reports have shown that enkephalins (Berrendero et al, 2005; Kiguchi et al, 2008) and MOR (Berrendero et al, 2002; Campbell et al, 2006 Campbell et al, , 2007 participate in nicotine antinociceptive effects. However, the absence of DOR did not modify nicotine-induced antinociception in both the tail-immersion and hot-plate test. Therefore, although endogenous enkephalins are agonists at MOR and DOR (Roth-Deri et al, 2008) , the present results suggest a prominent role for enkephalins-mediated MOR signaling in the regulation of nicotine antinociceptive effects. In contrast with our results, the DOR antagonist naltrindole at the high dose of 10 mg/kg blocked the spinal antinociception and attenuated the supraspinal antinociceptive effects induced by nicotine in rats (Campbell et al, 2007) . In our experimental conditions, the pretreatment with the same high dose of this antagonist did not modify nicotineinduced antinociception neither in wild-type nor in mutant animals in the tail-immersion test (see Supplementary  Figure 1) . Therefore, the different animal species (rats vs mice) and methodology used in both studies could explain this discrepancy. Moreover, nicotine-induced hypolocomotion was unaffected by the deletion of DOR, indicating that these receptors do not participate in the acute locomotor effects of nicotine. Previous studies have also reported similar unchanged nicotine-induced hypolocomotion in mice lacking both MOR and the preproenkephalin gene (Berrendero et al, 2002 (Berrendero et al, , 2005 . The possible role of DOR in the development of nicotine tolerance and physical dependence was also investigated. The development of tolerance to the antinociceptive effects of nicotine was similar in both genotypes, and chronic nicotine did not produce adaptive changes in the density nor in the functional activity of DOR in the different spinal cord and brain areas evaluated in wild-type tolerant animals. These data show that DOR does not participate in the development of nicotine tolerance, unlike MOR and KOR. Thus, MOR activation of G-proteins was increased in the spinal cord during chronic nicotine treatment in tolerant mice, and MOR knockout mice developed faster tolerance to nicotine antinociception than wild-type animals (Galeote et al, 2006) . On the other hand, a decrease in the density of KOR was observed in all layers of the spinal cord in nicotine tolerant mice (Galeote et al, 2008) , suggesting that the downregulation of KOR contributes to the development of nicotine tolerance. This idea is based on the requirement of these opioid receptors for a complete manifestation of spinal nicotine antinociception (Galeote et al, 2008) . Therefore, the changes occurring during chronic nicotine administration in MOR and KOR seem to play an opposite role in the development of tolerance to nicotine antinociceptive effects, while DOR would not participate in these adaptive changes. Moreover, the deletion of DOR did not modify the somatic signs of the nicotine withdrawal. An increase in preproenkephalin mRNA levels was found in both striatum and hippocampus during nicotine withdrawal in rats (Houdi et al, 1998) , as well as in the striatum of nicotine abstinent mice (Isola et al, 2002) . In agreement, the somatic expression of nicotine withdrawal was attenuated by the deletion of proenkephalin (Berrendero et al, 2005) or MOR (Berrendero et al, 2002) . Therefore, nicotine physical dependence is regulated by endogenous enkephalins through the activation of MOR. Notably, the negative affective component of nicotine abstinence is also modulated by the endogenous opioid system since high doses of naloxone produced conditioned place aversion in chronically nicotine-treated rodents (Balerio et al, 2004; Ise et al, 2002; Watkins et al, 2000) . In the future, it may be of interest to test whether DOR could participate in this affective component of nicotine abstinence since a DOR agonist attenuated the aversive effects of mecamylamine-precipitated nicotine withdrawal (Ise et al, 2000) and a desensitization of DOR was revealed in the nucleus accumbens during spontaneous early nicotine withdrawal (McCarthy et al, 2011) .
Nicotine rewarding properties were investigated in DOR knockout mice by using the conditioned place preference and the intravenous self-administration paradigm. Nicotine induced a conditioned place preference in wild-type animals, but this effect was absent in knockout mice. Nicotine-induced conditioned place preference was also blocked in mice lacking MOR or the preproenkephalin gene (Berrendero et al, 2002 (Berrendero et al, , 2005 , suggesting that endogenous enkephalins through the activation of both MOR and DOR could participate in the rewarding effects of nicotine. DOR has also been reported to be involved in cocaine-induced conditioned place preference (Suzuki et al, 1997; Kotlinska et al, 2010) , although this finding was not corroborated by other studies (de Vries et al, 1995) . Consistent with the results obtained in the conditioned place preference, the performance in the intravenous nicotine self-administration paradigm was impaired in DOR knockout mice. Thus, at the dose of 15 mg/kg/infusion only 29% of knockout mice achieved the acquisition criteria in comparison to 70% of wild-type mice. Similarly, 33% of knockout and 66% of wild-type animals acquired the criteria of self-administration at the dose of 30 mg/kg/infusion. In addition, the discrimination between the active and the inactive hole was lower in mutant than in wild-type mice at both doses. A decrease in the number of infusions in the active hole was also found in mice lacking the DOR, mainly at the dose of 30 mg/kg/infusion of nicotine. At this dose of nicotine, the maximal effort required to obtain an infusion of the drug was significantly reduced in DOR knockout mice, suggesting less motivation to seek for nicotine. The impairment of nicotine self-administration in DOR knockout mice cannot be attributed to possible unspecific learning deficits in the acquisition of an operant behavior since these mice maintained operant responding for natural rewards, such as sucrose (Olmstead et al, 2009) . A recent report has revealed that the lack of DOR impairs drug-context association (Le Merrer et al, 2011) , and this could contribute to the blockade of nicotine conditioned place preference in DOR knockout mice. Importantly, the specific impairment in the acquisition, discrimination, and number of infusions of DOR knockout mice in the nicotine selfadministration paradigm suggests that this opioid receptor directly modulates nicotine reinforcing properties.
The impairment in nicotine self-administration revealed in DOR knockout mice was not due to compensatory mechanisms since similar results were obtained in wild-type mice treated with the selective DOR antagonist naltrindole. Indeed, naltrindole treatment dose-dependently impaired nicotine self-administration in wild-type mice since only 33 and 10% of mice treated with naltrindole (2.5 and 5 mg/kg, respectively), acquired the criteria of nicotine (30 mg/kg/ infusion) self-administration in comparison to 62.5% of control animals. The percentage of active responding and the number of infusions in the active hole were also significantly reduced due to the naltrindole treatment. In contrast with our results, this DOR antagonist did not modify i.v. nicotine self-administration in rats (Liu and d-Opioid receptor and nicotineJernigan, 2011), although a clear tendency to decrease this rat self-administration behavior was found in a previous study (Ismayilova and Shoaib, 2010) . The different animal species used in these studies could explain this discrepancy. The non-selective opioid antagonist naloxone robustly reduced nicotine self-administration (Ismayilova and Shoaib, 2010 ) and a possible participation of the three opioid receptor subtypes in this nicotine effect was suggested. On the other hand, different results have been obtained in the case of other drugs of abuse since a preservation of morphine self-administration (Le Merrer et al, 2011) or an enhanced voluntary ethanol consumption (Roberts et al, 2001) were reported in DOR knockout mice. Moreover, addition of the DOR agonist SNC80 to heroin did not enhance the reinforcing effects of heroin (Stevenson et al, 2005) . Therefore, the overall role of DOR in drug reward and addiction is complex (Pradhan et al, 2011) , and future studies will be required to clarify this important issue.
Nicotine, like most drugs of abuse, produces a stimulation of dopamine transmission in the nucleus accumbens that is related to its rewarding properties (Di Chiara and Imperato, 1988) . Nicotine activates the mesolimbic system through a direct effect on the ventral tegmental area dopamine neurons, but also by modifying the functional balance between the excitatory (glutamatergic neurons) and inhibitory (GABAergic neurons) inputs on these dopamine neurons (Mansvelder and McGehee, 2002) . Previous studies have demonstrated that the activation of MOR (Maisonneuve and Glick, 1999; Tanda and Di Chiara, 1998) by peptides derived from preproenkephalin (Berrendero et al, 2005) is necessary to obtain an increase in the extracellular levels of dopamine in the nucleus accumbens after nicotine administration. This opioid-dependent mechanism would be important to remove the inhibitory inputs on ventral tegmental area dopamine neurons finally increasing their firing rate in vivo (Berrendero et al, 2005) . According to the present behavioral findings, our in-vivo microdialysis experiments showed that the enhancement in dopamine efflux in the nucleus accumbens induced by nicotine in wild-type mice was significantly attenuated in DOR knockout animals. Both the striatum and the nucleus accumbens show a high density of DOR (Pradhan et al, 2011) , and the activation of DOR in the nucleus accumbens (Longoni et al, 1991; Hipólito et al, 2008) has been reported to enhance extracellular dopamine levels in this brain area, which contains a high level of enkephalin expressing cells (Svingos et al, 1998) . Therefore, the activation of DOR by endogenous enkephalins would participate in the enhancement of dopamine extracellular levels in the nucleus accumbens promoted by nicotine administration, which has been related to the rewarding properties of this drug of abuse (Di Chiara and Imperato, 1988) . The facilitatory effects on dopamine transmission induced by DOR located in the nucleus accumbens (Longoni et al, 1991; Hipólito et al, 2008) would explain the involvement of DOR in nicotine rewarding effects.
In conclusion, this study reveals the regulatory role of DOR in the rewarding properties of nicotine and its effects on the extracellular levels of dopamine in the nucleus accumbens. However, this opioid receptor subtype would not participate in the acute effects of nicotine on nociception and locomotion nor in the development of nicotine antinociceptive tolerance and physical dependence. These findings provide new information about the involvement of this specific component of the endogenous opioid system in behavioral and biochemical effects of nicotine related to its addictive properties, which could help to develop more rational therapeutic strategies to treat tobacco smoking.
